Purpose: To evaluate the effectiveness of surgery for epilepsy, we analyzed rhythmic fast activity by magnetoencephalography (MEG) before and after surgery using time-frequency analysis. To assess reliability, the results obtained by presurgical MEG and intraoperative electrocorticography were compared.
Introduction
Magnetoencephalography (MEG) is applied to localize the source of epileptiform discharges in patients with refractory epilepsy, particularly in symptomatic localization-related epilepsy, as it is noninvasive and exhibits excellent temporal and spatial resolution. MEG is a predictive tool for epileptic surgery. MEG localization of epileptiform discharges has been successfully achieved by single dipole modeling (SDM), which is mainly used to analyze interictal epileptiform spikes (Hämäläinen et al., 1993; Ebersole, 1997) . However, the application of SDM appears to be limited to patients with localized spikes, since the algorithm is based on the presumption that the current epileptic discharge originates from a single spot.
Rhythmic EEG activities are often the hallmarks of underlying epileptogenesis.
Rhythmic polyspike activities have been reported as indicative of an irritative epileptogenic zone in the electroencephalography (EEG) (Gambardella et al., 1996) . A scalp EEG showed interictal focal paroxysmal beta activity in children with epilepsy caused by brain tumor, arteriovenous malformation, and cystic lesion (Hooshmand et al., 1980) . In surveys of surgical outcomes, the locations of ictal rhythmic beta activities on scalp EEG and intracranial EEG have been correlated with the onset of seizures in patients with neocortical epilepsies (Talairach et al., 1992; Lee et al., 2000; Park et al., 2002; Worrell et al., 2002; Bonati et al., 2006) . However, the resolution of EEG is not powerful enough to properly evaluate rhythmic activity because EEG activity is affected by the conductivity of brain structures (Hämäläinen et al., 1993) , and in some cases EEG is unable to detect notable pathological activity (Iwasaki et al., 2005) .
Recently, time-frequency analyses of EEG and MEG have been used to investigate rhythmic activities (Haykin et al., 1996; Grosse et al., 2002; Bosnyakova et al., 2006 ). Short-time Fourier transform (STFT) applies a short-time window to the signal and performs a series of Fourier transforms within this window as it slides across the recorded data (Oppenheim and Schafer, 1999) . This technique can be used to estimate the time-frequency components of the signal and visualize the spectral distributions. It has been proposed to apply this technique to patients with epilepsy (Kıymık et al., 2005) , as it provides temporal changing information on the time-frequency domain.
Our current study was conducted to evaluate the effectiveness of surgery for epilepsy Sueda K et al. 4 using pre-and postoperative MEG to assess changes in epileptic rhythmic activity. Sueda K et al. 5 
Patients and Methods

Patients
Four children with refractory symptomatic localization-related epilepsy induced by a circumscribed cortical lesion were enrolled in the present study. They underwent surgery between September 2005 and April 2008. Their guardians gave written informed consent for this study.
Methods
MEG
MEG data before and after surgery were recorded using a 204-channel, helmet-shaped neuromagnetometer (Neuromag Vectorview; Elekta-Neuromag Oy, Stockholm, Sweden) with pairs of orthogonal planar gradiometers at 102 locations. The recordings were carried out in a magnetically shielded room, with the patient in a supine position. The MEG data were collected for about 40 min for each patient at a sampling rate of 600 Hz. During the MEG examination, Patients 1, 2 and 4 received intravenous sodium thiopental for sedation, to avoid motion artifacts, while Patient 3 did not require sedation. A scalp EEG was recorded simultaneously using the international 10-20 system.
MEG data analysis
MEG data were filtered for offline analysis with a band pass of 3 to 100 Hz.
The segments that contained abnormal paroxysms were selected manually. Single spikes were analyzed by SDM, to determine the distribution of brain activity generating the spike. Rhythmic fast activity discharges were analyzed by STFT, to determine the localization and value of each selected discharge.
SDM
The dipole-fit software (Neuromag, Helsinki, Finland) was used to calculate the equivalent current dipoles (ECDs). We defined acceptable ECDs as having goodness of fit (GOF) >70% and ECD strength of between 100 and 800 nAm. GOF is a measure of how well Sueda K et al. 6 the ECD model explains the measured signals. Acceptable ECDs were superimposed on the MRIs.
STFT analysis
STFT was used to reveal the distributions of MEG fast activity (Oppenheim and Schafer, 1999) and the MATLAB (MathWorks, Natick, MA, USA) program was used to execute the STFT for the MEG signals. Each signal was divided into small sequential frames, and fast Fourier transformation (FFT) was applied to each frame.
In the present study, the STFT was implemented using a 256-point window. The time of each window was 426.7 ms (i.e., 256 points × 1000 ms/600 Hz). The window was shifted every four points, which corresponded to 6.7 ms (i.e., 1000 ms/600 Hz × 4 points). FFT was applied to each window. This process was repeated for the whole signals that were selected. The time-frequency distributions are displayed as graphs (Figs. 1G, 2G, 3G and 4E) .
A spectrum was considered to be aberrant when it was observed in the graph to be isolated from the background frequency spectrum. An aberrant frequency spectrum on the graph was superimposed onto the reconstructed 3D-MRI.
ECoG
The ECoG studies were performed during surgery. The ECoG data were collected using the Ceegraph system (Bio-Logic, Mundelein, IL, USA), with a sampling rate of 512 Hz. A 4 × 5 grid electrode array was used for Patients 1,and 4. A 4 × 8 grid electrode array was used for Patient 3. A four-channel strip electrode was used for Patient 2. Recording was performed for at least 1 min at each electrode location.
MRI
MRI was acquired with a 1.5 Tesla high-resolution MRI scanner (Magnetom VISION; Siemens AG, Erlangen, Germany) for both diagnostic purposes and co-registration with the MEG data. Axial T1-weighted images (WI), T2-WI, fluid-attenuated inversion recovery (FLAIR) images, and gadolinium-enhanced T1-WI were obtained. Sueda K et al. 7 Single-photon emission computed tomography (SPECT) (Fig. 2C ). The specific oscillation at 15-18 Hz was generated at the FCD in the moving image (Fig. 3A) .
The patient underwent craniotomy at 18 months of age. Intraoperative ECoG showed 18-19-Hz polyspike bursts at electrodes 9, 10, 12-15, 17, 18, and 19. These electrodes were located upon the resected cortical lesion (Fig. 1C , yellow bar). The frequencies of the MEG rhythmic activities (15-18 Hz) and ECoG polyspike (18) (19) (20) (21) (22) were comparable, and the locations of the MEG and ECoG oscillation almost overlapped. A total lesionectomy was performed.
The pathology was focal cortical dysplasia (FCD) with balloon cells (Palmini type 2B).
The patient has remained seizure-free for 22 months and has developed steadily.
Patient 2
A 2-year-old girl had daily seizures. At age 10 months, she experienced an afebrile, generalized, tonic-clinic seizure. MRI showed a left-frontal cortical construction anomaly. At 15 months of age, she began to have seizures with extension of her right arm and leg, flexion of her Sueda K et al. 9 left arm and leg, and deviation of her head and eyes to the right. Although anti-epileptic drugs controlled the seizures, she was able to speak only a few words at 32 months of age.
T2WI and FLAIR MRI showed cortical thickening in the left frontal lobe, blurring of the gray-white matter junction and hyperintensity of the subcortical white matter. Interictal Interictal EEG demonstrated rhythmic, 13-14-Hz, low-voltage fast activity and a low number of sharp waves at electrodes Fp1, Fp2, F3, and F7. Ictal EEG showed desynchronization, followed by left frontal spikes and slow waves.
The 204ch MEG corresponding to the EEG fast activity showed rhythmic activities at the left frontal-temporal areas. The ECDs were not clustered due to the low number of isolated spikes with sufficient signal-to-noise ratio. STFT analysis indicated that a specific, aberrant, 15-20-Hz oscillation was generated at the left superior temporal gyrus and propagated to the middle and inferior frontal gyri in the moving image ( Fig. 3B top panel) .
The patient underwent the operation at 36 months. Intraoperative ECoG showed 13-25-Hz spikes and polyspikes at the orbito-frontal area.
The frequencies of the MEG oscillation (15-20 Hz) and ECoG polyspike (13-25 Hz) were comparable. ECoG polyspikes were located inside the area where the MEG oscillation was depicted by moving images.
Based on the FDG-PET findings, the patient underwent left-frontal lobe disconnection.
The pathology was FCD with dysmorphic neuron and without balloon cells (Palmini type 2A).
The patient had remained seizure-free for eight months and her development improved dramatically.
At age 44 months, eight months after operation, interictal EEG demonstrated spikes at electrodes Fp1, F3, F7 and fragment polyspikes at electrode F7. The MEG showed residual rhythmic activities at the left frontal-temporal area. STFT analysis of the moving image indicated that a specific, aberrant, 15-20-Hz oscillation was generated at the left superior temporal (Fig. 3B bottom panel) . Subsequently, she had seizure relapse. The ECDs were clustered at the left pars opercularis. Additional resection of the left pars opercularis was Sueda K et al. 10 performed. The patient has since remained seizure-free for 8 months.
Patient 3
A 15-year-old girl had weekly, but sometimes daily, clusters of seizures. Her development was normal. At 6 years of age, she began to have weekly seizures with deviation of the eyes without loss of consciousness. At 10 years of age, she began to have the sensation of being in an elevator that was falling. Following the aura her head and eyes deviated to the right with loss of consciousness, and in some instances her seizure evolved into right-side clonic seizures. At 14 years of age, the first MRI showed a circumscribed mass of low intensity on T1WI and high intensity on T2WI in the left parietal-occipital region. (Fig. 3C ).
She underwent craniotomy at 16 years of age. The intraoperative ECoG showed 18-25-Hz polyspike bursts at electrodes which were located at the anterior vicinity of the lesion. The frequencies of the MEG oscillation (20-25 Hz) and ECoG polyspike (18-25 Hz) almost corresponded. ECoG polyspikes were located inside the area where the MEG oscillation was depicted by moving images.A total lesionectomy was carried out; the tumor and the gyri involved by the tumor were resected simultaneously.
The tumor was diagnosed as dysembryoplastic neuroepithelial tumor (DNT). One month after the operation, her EEG and MEG showed no fast activity. The patient has been seizure-free for 24 months post-surgery and exhibited no neurological deficits.
Patient 4
A 9-year-old girl had daily seizures. Her seizures initially occurred at 1 month of age with complex partial seizure with motion arrest, loss of consciousness and cyanotic change. Her Sueda K et al. 11 seizures evolved to daily simple seizures, described as ictal fear and cephalic sensation, and complex partial seizures with motion arrest and autonomic change (cyanotic face) for 3 to 4 minutes without remarkable description of dystonic posturing. At 7 years of age, a circumscribed lesion appeared on the MRI in the T1WI at low intensity, in the T2WI and FLAIR at high intensity, in the left temporal para-hippocampal gyrus, uncus and hippocampus.
At 8 years of age, an EEG performed just before her operation showed independent spikes at the right occipital and left frontal area, but these were not as intense in the left temporal area where the lesion existed. Furthermore, EEG and MEG showed intermittent, but prolonged, rhythmic activity at the left frontal and temporal area. STFT analysis of rhythmic MEG activity during the pre-and post-operative periods demonstrated widespread rhythmic activity in the ipsilateral frontal lobe and in the lateral aspect of the temporal lobe ( Fig.3D left panel) . This rhythmic activity disappeared after the operation and became localized to the left pre-and postcentral gyrus ( Fig.3D right panel) .
She underwent an operation at 8 years of age. The intraoperative ECoG showed continuous rhythmic spikes at approximately 20 Hz just before dysplasia resection at the lower area of the left pre-and postcentral gyrus and the supra marginal gyrus. This activity disappeared and became restricted to the left pre-frontal gyrus and supramarginal gyrus at lower amplitude.
One month after surgery, STFT analysis indicated that the oscillation became more restricted and of lower power than in the preoperative MEG (Fig 3 E right panel) .
Discussion
This study indicate that time-frequency analyses using STFT can reveal the distributions of rhythmic fast activity on MEG. This method is useful for presurgical and postsurgical evaluation. To improve outcomes from epileptic surgery, it is essential to define the precise location of the epileptogenic zone and the margin of surgical resection by the presurgical evaluation. For these purposes, MEG analysis is considered to be a suitable technique, as it offers good temporal and spatial resolution and noninvasive.
We used thiopental for three of the four patients. Thiopental produces fast activity in the beta range (12-30 Hz). However, these fast activities are bilaterally symmetric and developed in a frontal-central area, similar to those appearing during drowsiness (Feshchenko et al 1997 (Feshchenko et al , 2004 ). The fast activity in our study was generated unilaterally and not in a frontal-central area, thus the fast activity in our study was not attributed to thiopental.
Single-dipole modeling (SDM) has been used mainly to analyze the interictal epileptiform spikes on MEG. Oishi et al. (2006) reported that single clusters of ECDs indicated discrete epileptogenic zones that required complete resection for seizure-free outcome. In the present study, isolated interictal spikes were scarce in Patients 1 and 3, and the ECDs of Patients 1 and 3 were also scattered but not cluster. These ECDs were almost concordant with the high-power area of MEG fast activities, indicating that the SDM localizations were also useful for presurgical evaluation in these patients. In contrast, Patient 2 showed few ECDs, due to a scarcity of isolated spikes with sufficient signal-to-noise ratio. The ECDs in Patient 4 were clustered at two remote area from epileptogenic area at left temporal lobe. These ECDs were discrete from the high-power area of MEG fast activities. ECDs might thereby reflect propagation from the source oscillation. The data obtained from the SDM were, therefore, insufficient for presurgical evaluation in our patients. Ochi et al. (2007) used ECoG to investigate high frequency oscillation (HFO) at the epileptogenic focus and to assess the relationship between the outcome of surgery for epilepsy and the pattern of HFO. Their findings demonstrated the significant value of preoperative analysis of rhythmic activity. MEG provides higher temporal resolution than EEG and was thus able to show epileptiform discharges more clearly than EEG. For this reason, MEG has the Sueda K et al. 13 potential to more precisely analyze epileptic rhythmic discharges.
There were several advantages of the MEG findings for presurgical evaluation. In our study, epileptic rhythmic activity was demonstrated more clearly by MEG in all patients.
Furthermore, the frequency of oscillation appeared faster by MEG than by EEG. For patients 1, 2, and 4, the EEG showed bilateral fast activity. For patient 3, EEG showed only a spike or polyspike and a slow wave complex that corresponded to the MEG fast activity. For patient 2, who was nonlesional on MRI, STFT analysis indicated the epileptic foci, and together with the FDG-PET findings, this information enbled us to plan the disconnection strategy for surgery. For patient 3, the data enabled us to place the intraoperative ECoG electrodes not only on the lesion, but also at the anterior vicinity of the lesion and source of the fast activity. Similarly, the STFT findings for patient 4, facilitated placing the ECoG electrodes. STFT analysis of fast activity is thus clearly beneficial for predicting the epileptic foci in patients with poor or several ECDs and for placing the ECoG electrodes.
Our study analyzed the changes in epileptic rhythmic activity before and after surgery for epilepsy and demonstrated the clinical value in predicting the outcome of surgery. For patient 3, the MEG polyspikes and spikes disappeared following surgery and the patient became seizure-free. For patient 2 and 4, especially, an aberrant rhythmic oscillation appeared in the remote area of the primary epileptic focus: FCD or DNT. For patient 4 this rhythmic activity disappeared after the operation. For patient 2, the MEG polyspikes persisted after surgery and her seizures relapsed. This remote rhythmic activity was defined as secondary epileptogenic focus. In some cases a supplementary operation, such as multiple sub-pial transection, is conducted to treat the secondary focus. Our operative strategy was lesionectomy and we planned further resection according to the seizure outcome and outcome of MEG after the operation. STFT can analyze oscillations that are generated simultaneously over a wide area and with low signal-to-noise ratio.
On the other hand, there were some limitations of this study. First, because the planar gradiometers evaluate the magnetic field just beneath the sensor, STFT could not reflect the depth of source. Second, because of the sensor size of planar gradiometer are 2.8cm × 2.8cm Sueda K et al. 15 and distance between sensor centers is 3.4cm, there might be a 1-2 cm errors between oscillation sources and projected position of sensor on 3D-MRI.
In conclusion, MEG can detect fast activity in symptomatic localized-related epilepsy more clearly and accurately than conventional EEG. STFT reveal the frequency and location of MEG fast activity that could not be analyzed by SDM. The MEG fast activity findings correlated well with the intraoperative ECoG findings and are therefore useful for presurgical evaluation. Ascertaining the presence of fast activity after epilepsy surgery could predict the prognosis of seizures. This noninvasive evaluation provides valuable information for pre-and post-surgical evaluations to define surgical strategies for patients with symptomatic localization-related epilepsy induced by circumscribed cortical lesions. 
